A model of the 66-kDa outer membrane protein (P66) of Lyme disease Borrelia spp. predicts a surfaceexposed loop near the C terminus. This region contains an antigen commonly recognized by sera from Lyme disease patients. In the present study, this region of P66 and homologous proteins of other Borrelia spp. were further investigated by using monoclonal antibodies, epitope mapping of P66 of Borrelia burgdorferi, and DNA sequencing. A monoclonal antibody specific for B. burgdorferi bound to the portion of P66 that was accessible to proteolysis in situ. The linear epitope for the antibody was mapped within a variable segment of the surface-exposed region. To further study this protein, the complete gene of Borrelia hermsii for a protein homologous to P66 was cloned. The deduced protein was 589 amino acids in length and 58% identical to P66 of B. burgdorferi. The B. hermsii P66 protein was predicted to have a surface-exposed region in the same location as that of B. burgdorferi's P66 protein. With primers designed on the basis of conserved sequences and PCR, we identified and cloned the same regions of P66 proteins of Borrelia turicatae, Borrelia parkeri, Borrelia coriaceae, and Borrelia anserina. The deduced protein sequences from all species demonstrated two conserved hydrophobic regions flanking a surface-exposed loop. The loop sequences were highly variable between different Borrelia spp. in both sequence and size, varying between 35 and 45 amino acids. Although the actual function of P66 of Borrelia spp. is unknown, the results suggest that its surface-exposed region is subject to selective pressure.
Members of the genus Borrelia, like other spirochetes, have two membranes (6, 21) . The outer membrane of Borrelia spp. is more fluid and contains fewer integral membrane proteins than the outer membranes of many gram-negative bacteria, such as Escherichia coli (6, 31) . Most of the spirochetal outer membrane proteins that have been identified to date have been lipoproteins. Presumably, these are anchored in the membrane by their lipid moieties and not by membrane-spanning regions of the protein. A 66-kDa protein is one of the few integral membrane proteins that have been identified in Borrelia burgdorferi, which is a cause of Lyme disease and the most commonly studied Borrelia species (7, 30) . Based on its apparent size, this protein was originally identified as P66 and was shown to be commonly recognized by antibodies of patients with Lyme disease (4, 11, 16) .
The genes for P66 of B. burgdorferi as well as of two other Lyme disease agents, Borrelia afzelii and Borrelia garinii, have been cloned and sequenced (10) . The genes encode proteins of about 620 amino acids with predicted signal peptides of about 20 residues. A signal peptidase I cleavage site was confirmed by N-terminal sequencing of a native processed protein (10) . The overall identity in amino acid sequences of P66 of these three species is about 90%.
The P66 proteins of the three Lyme disease Borrelia spp. are shortened by about 15 kDa when intact cells are treated with proteinase K (7, 10) . Within the part that is lost from the cell's surface is a region that is hydrophilic and predicted to be a flexible segment (10) . Flanking this surface loop are more hydrophobic regions that could span membranes. Skare et al. demonstrated that native P66 had porin activity in liposomes and called the protein Oms66 for its outer membrane-spanning characteristics (38) . However, the actual function of this protein remains unknown; the sequence was unlike that of any other protein in the database.
Studies of this novel membrane protein may contribute to the understanding of spirochetal outer membrane structure, provide further information about the role of this protein in the pathogenesis of Lyme disease, and identify another candidate antigen for diagnosis and immunoprophylaxis. As a step toward these goals, we further characterized a surface-exposed portion of P66 and sequences that flank it. We did this by producing monoclonal antibodies to P66, by using the antibodies to identify epitopes in the protein, and by comparing equivalent regions of homologous proteins of more distantly related Borrelia spp. We found that these surface-exposed regions of the P66 proteins of Borrelia spp. are highly variable in both size and sequence.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Borrelia species and strains used were the following: B31 (ATCC 35210), Sh.2 (36), N40 (18) , and PKa (41) of B. burgdorferi sensu stricto; ACAI (1) of B. afzelii; and Ip90 (23), NBS23A, NBS16 (9), Mal02, and Far02 (12) of B. garinii. The origins of strains of Borrelia hermsii HS1 (3), Borrelia turicatae Oz1 (14) , Borrelia coriaceae (24) , and B. anserina (17) have been described previously. The OspA Ϫ OspB Ϫ OspC Ϫ OspD Ϫ mutant B313 of B. burgdorferi was from the strain B31 lineage (35) . Borrelia parkeri was originally provided to A.G.B. by H. Stoenner, Rocky Mountain Laboratories. Spirochetes were grown in BSK II medium and harvested as previously described (5, 8) . Cells were counted in a Petroff-Hausser chamber under phase-contrast microscopy. E. coli TOP 10FЈ (Invitrogen, Carlsbad, Calif.), BL21, and NovaBlue (DE3) (Novagen, Madison, Wis.) were grown in Luria-Bertani medium supplemented with carbenicillin (50 g/ml) or kanamycin (50 g/ml) when required.
Polyacrylamide gel electrophoresis (PAGE) and Western blot analysis. Cell lysates were subjected to PAGE with 12.5% acrylamide as described previously (13) . For Western blot analysis, proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Richmond, Calif.), which were then blocked with 3% dried nonfat milk in 10 mM Tris (pH 7.4)-150 mM NaCl (milk-TS) for 2 h (13). Membranes were incubated with human serum or hybridoma supernatants diluted 1:300 and 1:10, respectively, in 0.3% milk-TS. Alkaline phosphataseconjugated recombinant protein A/G (Pierce Chemical Co., Rockford, Ill.) served as the second ligand. The blots were developed with nitroblue tetrazolium and 5-bromo-4-chloro-3Ј-indolylphosphate p-toluidine salt as substrates (Pierce).
Production of recombinant P66 (rP66). After cleavage of the signal peptide of 21 residues, the mature P66 protein of B. burgdorferi B31 begins with an alanine (10) . DNA encoding P66 from this residue to the C terminus (nucleotides 290 to 2080 of the sequence with GenBank accession no. X87725) was cloned downstream of a thrombin recognition site in the pRSET expression vector (Invitrogen). This fusion polypeptide was expressed in E. coli BL21 and was recovered from lysed cells as inclusion bodies (2) . After cleavage of the fusion protein with thrombin, the preparation was subjected to PAGE, and rP66 was electroeluted from the gel as described elsewhere (2) . The identity of rP66 was verified by Western blotting with the monospecific polyclonal rabbit P66-specific antiserum (10) and by N-terminal amino acid sequencing with an Applied Biosystems model 477A Sequenator (Foster City, Calif.).
Antibodies. Monoclonal antibodies to P66 were produced by first subcutaneously injecting adult C3H/HeN mice (Harlan Laboratories, Indianapolis, Ind.) with 20 g of purified rP66 in Freund's complete adjuvant on day 1. Thereafter, different immunization protocols were used. In one group, each mouse received 20 g of rP66 in Freund's incomplete adjuvant on day 21 and 60 g on day 42 . On days 70 and 84, each of these mice in this first group were injected intravenously and intraperitoneally with 5 ϫ 10 8 B313 cells by each route. In a second group, each mouse was boosted intraperitoneally, intramuscularly, subcutaneously, and in the footpad with an equally divided dose of 70 g of rP66 in Freund's incomplete adjuvant on day 28. This second group then received 2 ϫ 10 8 B31 cells intravenously on days 35, 42, and 49 and were boosted intravenously with 70 g of rP66 in phospate-buffered saline on day 56. For both immunization protocols, spleens of the mice were collected 4 days after the last immunization. Spleen cells were fused to NS1 myeloma cells by a modification of the method of Oi and Herzenberg (27) . Hybridoma supernatant fluids were screened by Western blot analysis. Purified monoclonal antibodies were obtained from hybridoma supernatants by using a protein A column (Pierce).
Serum specimens from three patients and five controls were from a reference panel provided by the Centers for Disease Control and Prevention, Fort Collins, Colo., and described elsewhere (34) . Sera from these patients had previously been shown to contain antibodies that reacted to P66 of B. burgdorferi B31 by Western blot analysis (11) .
Protease treatment of spirochetes. Whole cells were treated with proteases by a modification of a method described previously (7) . Briefly, harvested and washed spirochetes were resuspended in phosphate-buffered saline-Mg at a concentration of 10 9 cells/ml. To 450 l of the cell suspension was added 50 l of one of the following: distilled water, proteinase K (4 mg/ml in water; Boehringer Mannheim, Indianapolis, Ind.), 10 Ϫ3 M HCl, or trypsin (1 mg/ml in 10
Ϫ3
M HCl; Sigma). After incubation for 60 min at 20°C, proteolysis was inhibited by adding 10 l of phenylmethylsulfonyl fluoride (Sigma; 50 mg/ml in isopropanol). The cells were centrifuged and washed twice with phosphate-buffered saline-Mg. The pellet was resuspended in a buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, and 5 mM MgCl 2 and subjected to whole-cell protein extraction by being boiled in sodium dodecyl sulfate-PAGE sample buffer. The cell lysates were subjected to Western blot analysis to identify proteolytic products of P66 and the binding of monoclonal antibodies to these peptides. Epitope mapping. Overlapping recombinant peptides were produced to determine the epitopes for monoclonal antibodies. Recombinant plasmid pJB102 (10) was a source of DNA for a library of partial sequences of the P66 gene of B. burgdorferi B31. pJB102 was cleaved with BglII and MunI endonucleases to obtain a 570-bp segment encoding the C-terminal third of P66. This segment was processed in the NovaTope epitope mapping system (Novagen) to prepare an expression library as described by the manufacturer. Briefly, purified DNA was subjected to double-strand cleavage by DNase I in the presence of Mn 2ϩ to generate fragments averaging 50 to 150 bp. These fragments were repaired at the 3Ј ends by single deoxyribosyladenine tailing and ligated into an expression vector bearing single deoxyribosylthymine overhangs. The E. coli transformants were transferred to nitrocellulose filters, lysed, and screened with antibody. Positive clones were verified by Western blotting of E. coli lysates.
Cloning of P66 genes of other Borrelia spp. Database searching with the DNA sequence of the P66 gene of B. burgdorferi had revealed a similarity between part of its internal segment and a deposited sequence of B. hermsii with an open reading frame of unknown function (GenBank accession no. M58430) (32) . This partial sequence provided the starting point for cloning the entire gene. BglIIdigested total genomic DNA from B. hermsii was separated on an agarose gel and blotted on a nylon membrane. The blotted DNA was hybridized with randomlyprimed digoxigenin-labeled probe (DIG DNA labeling kit; Boehringer Mannheim). The probe DNA was generated by PCR with a pair of primers directed at positions 1 to 24 (positive-strand primer; 5ЈTTAGAACAATACAGCTCAGAT GTC3Ј) and 349 to 373 (negative-strand primer; 5ЈCAAATTGAAGTTTATTC TCTTTTGG3Ј) of M58430. The homologous sequence targeted by the probe contained an internal BglII restriction site (32) . The BglII-digested DNA fraction corresponding to hybridizing bands was extracted from the gel, ligated into BamHI-precut pZErO-2.1 vector (Invitrogen), and transformed into E. coli TOP 10FЈ cells. Recombinant colonies were lifted on nylon filters and screened by hybridization with the same probe. After direct cloning of the DNA fragment did not succeed, inverse PCR was used. The template DNA was prepared by selfligating 1 g of the BglII-digested DNA fragments in 100 l of the ligation reaction mixture. A pair of diverging primers used in the PCR targeted positions 31 to 56 (negative-strand primer; 5ЈCCAAAGTTTAATTCAAATGGAGTTTC 3Ј) and 60 to 83 (positive-strand primer; 5ЈCTCAGGAGCAATCGGAAATTC AAC3Ј) of the available sequence. The DNA was amplified with the Expand Long Template PCR system (Boehringer Mannheim) under these conditions: 94°C for 10 s, 49°C for 30 s, and 68°C for 2 min for 10 cycles, followed by 94°C for 10 s, 49°C for 30 s, and 68°C for 2 min with a 20-s increment each cycle for 15 cycles, and finally by one cycle of 68°C for 7 min. The PCR product was purified by gel extraction (QIAquick gel extraction kit; Qiagen Inc., Chatsworth, Calif.), ligated into pCR2.1 vector (TA cloning kit; Invitrogen), and transformed into E. coli.
Fragments of homologous sequences of other Borrelia spp. were produced by PCR with a pair of primers directed to conserved regions at the 3Ј half of the gene (see Results). The DNA template for PCR was prepared by resuspending a small amount of harvested spirochetes in water and boiling the cell suspension for 5 min. The cell debris was removed by centrifugation at 7,000 ϫ g for 10 min. DNA was amplified with a PCR Core kit (Boehringer Mannheim) for 35 cycles under the following conditions: 94°C for 1 min, 40°C for 2 min, and 72°C for 2 min. The PCR product was ligated into pCR2.1 vector and transformed into E. coli.
Sequence analysis. Both strands of inserts of recombinant plasmids produced in epitope mapping and gene cloning experiments were sequenced by the dideoxy chain-termination method on double-stranded templates. Sequencing was performed on a Perkin-Elmer ABI377 automatic DNA sequencer at the Biotech Diagnostic Institute (Laguna Niguel, Calif.).
For comparison of protein sequences, the following Borrelia spp. sequences were used: B. burgdorferi sensu stricto B31 P66 (accession no. X87725), B. afzelii ACAI (X87726), and B. garinii Ip90 (X87727). Multiple sequences were aligned with the aid of the Higgins-Sharp routine with default values of the MacDNASIS Pro suite (version 3.6) of programs from Hitachi Software (San Bruno, Calif.). Predictions of transmembrane or membrane-associated regions of proteins were made with the TMpredict algorithm (Bioinformatics Group, Swiss Institute for Experimental Cancer Research).
Nucleotide sequence accession number. The following GenBank accession numbers have been assigned for the sequences described here: B. hermsii (AF016408), B. turicatae (AF016540), B. parkeri (AF016650), B. coriaceae (AF016651), and B. anserina (AF016652).
RESULTS
Production of P66-specific monoclonal antibodies. Our previous study had shown that a surface-exposed region of P66 was frequently bound by antibodies of patients with Lyme disease (11) . This region demonstrated the greatest sequence variability among B. burgdorferi, B. afzelii, and B. garinii. To further characterize this hypervariable region of the membrane protein, we raised monoclonal antibodies to P66. Previously, the mutant B313, which lacks Osp proteins A to D, had been used to generate monoclonal antibodies to the p13 outer membrane protein of the spirochetes (33) . These cells also expressed P66 (10) . In this study, B313 cells were used as a final booster immunization in attempt to select for antibodies against the surface-exposed portion of the P66 molecule. This approach yielded a monoclonal antibody designated H1337. Another monoclonal antibody (H914) was generated from mice primarily immunized with purified, full-length recombinant P66 protein and boosted with wild-type B31 cells.
The specificities of H1337 and H914 for different strains of Lyme disease species and other Borrelia spp. were determined by Western blotting (Table 1) . H914 reacted to P66 of all Lyme disease Borrelia spp.; H1337 bound to P66 of B. burgdorferi sensu stricto strains but not to P66 of B. afzelii and B. garinii. Neither monoclonal antibody bound to the relapsing fever agent B. hermsii or to B. coriaceae.
Reactivity of antibodies to untreated and protease-treated spirochetes has previously been used to identify and characterize proteins exposed on the Borrelia surface (7). To begin to localize the epitopes for H1337 and H914, we compared their Western blot reactivity with cells treated with trypsin or proteinase K and with untreated cells of B. burgdorferi B31 (Table  1 ; Fig. 1 ). Both antibodies bound to P66 in the cell lysates of untreated spirochetes. H914 also reacted with a 50-kDa polypeptide of proteinase K-treated cells. This polypeptide had previously been shown to be P66 truncated at its C-terminal end (10, 30) . H1337 bound to the 52-kDa polypeptide of trypsin-treated cells but not to the 50-kDa polypeptide. These findings indicate that the epitope for H914 resides on that part of P66 not affected by proteases. In contrast, the epitope for H1337 is likely to be surface exposed and, consequently, accessible to proteases. Moreover, this epitope was retained after treatment of the cells with trypsin, a more site-specific protease than proteinase K. This suggested that the epitope for H1337 resided somewhere between a trypsin cleavage site (arginine at position 459 or lysine at position 461, 487, or 500) and the predicted transmembrane segment ending at position 458 (Fig.  2) . Given the 2-kDa difference between trypsin and proteinase K fragments, we concluded that trypsin was most likely cleaving the loop at position 487.
Mapping of a species-specific epitope. The epitope for H1337 was further mapped by assessing reactivity with overlapping peptides. Secondary structure analysis of mature P66 by computer algorithm predicted that the two hydrophobic regions (positions 440 to 458 and 503 to 528) flanking the loop region (459 to 502) were predominantly alpha-helical and, thus, likely to span the outer membrane (Fig. 2) . We next examined recombinant peptides that had been previously generated and included all or parts of the putative transmembrane regions (11) . We also produced peptides representing different parts of the loop. The expressed peptides were assayed by Western blotting for reactivity with the species-specific monoclonal antibody H1337 or with serum from each of three North American patients with Lyme disease. These peptides were not bound by monoclonal antibody H914 or by antibodies of human controls (data not shown).
H1337 and the human serum antibodies bound, as expected, to full-length P66 but not to the 50-kDa polypeptide of proteinase K-treated cells or fragment 5 of Fig. 2 (residues 498 to 597); neither of these fragments includes the loop (reference 11 and this study). A smaller peptide, which was comprised of residues 449 to 496 (fragment 1) and contained almost the entire loop, was bound by the monoclonal antibody (Fig. 3) and by antibodies in each of the three patient serum samples (data not shown).
To further define H1337's epitope, an expression library of 20-to 80-bp fragments of the last one-third of the P66 gene was created in E. coli, and the transformants were screened for reactivity with H1337. Three immunoreactive clones were recovered, and their inserts were sequenced. The three peptides encoded by these clones were amino acids 473 to 499, 474 to 502, and 479 to 490 of the mature P66; all were within the predicted surface-exposed loop of P66 (Fig. 2) . They overlapped at positions 479 to 490, and thus, the epitope could be localized to these 12 amino acids. The probable trypsin cleavage site at position 487 is in this hydrophilic sequence. If it was cleaved thus, the H1337 epitope can be further restricted to TEQSSTSTK. Antibodies in serum specimens from three patients with Lyme disease bound to peptides overlapping by 23 amino acids (positions 474 to 496), which included the epitope for H1337, but the patient antibodies did not detectably bind to the smallest peptide (data not shown).
Cloning of the B. hermsii P66 gene. Having previously demonstrated that the predicted loop of P66 varied in sequence between different Lyme disease Borrelia spp. and that speciesspecific antibodies were directed against this region (11), we next examined whether more distantly related Borrelia spp. also had this protein. Evidence of a homologous protein in relapsing fever Borrelia spp. was the following: (i) the finding of a 66-kDa protein that was shortened by protease treatment of intact cells (3), (ii) the reactivity of polyclonal antiserum to P66 of B. burgdorferi to a similarly sized protein in B. hermsii (30) , and (iii) the presence in B. hermsii of a chromosomal sequence that was highly similar to part of the P66 gene of B. burgdorferi (32) .
We first sought a homologous gene in B. hermsii. Southern blot analysis of B. hermsii genomic DNA with a 373-bp probe, which was for part of the suspected P66 gene of B. hermsii (32) , identified hybridizing BglII fragments of 1.4 and 3.9 kb (data not shown). Sequence analysis of the cloned 1.4-kb fragment revealed that it included 937 nucleotides representing the 3Ј half of the gene as well as several hundred nucleotides downstream. Direct cloning of the 3.9-kb fragment, which presumably included the 5Ј part of the gene and its promoter, was unsuccessful.
To obtain the sequence of the gene's 5Ј end, inverse PCR with a pair of diverging primers was carried out. The expected PCR product of 3.9 kb was cloned, and that part of the insert containing the 5Ј end of the gene and its flanking region was sequenced. The combined sequence of the B. hermsii gene has been deposited with accession no. AF016408 with GenBank. Positions 873 to 1250 of this sequence were identical to the fragment reported by Rosa et al. (32) . Sequence analysis revealed an open reading frame of 1,794 nucleotides that would encode a polypeptide of 598 amino acids. The open reading frame was preceded by a consensus ribosomal binding sequence (AGGAG). Upstream from the latter, the hexanucleotides TTGTTA and CAATAT were consistent in sequence and spacing with Ϫ35 and Ϫ10 elements of a 70 -type promoter and the promoter regions for the P66 genes of B. burgdorferi, B. afzelii, and B. garinii (10) . The TAA stop codon was followed by a rho-independent terminator sequence. A possible signal peptidase I site was the alanine at position 21 of the deduced amino acid sequence (39) . A protein so processed would be 578 amino acids and have a molecular mass of 63,744 Da. This compares to 597 amino acids and a mass of 65,808 Da for mature P66 of B. burgdorferi. The overall DNA sequence identity between the P66 genes of B. burgdorferi B31 and B. hermsii was 69%; the proteins, with 58% identity, were less similar.
The majority of insertions or deletions accounting for the size difference between the proteins of B. burgdorferi and B. hermsii occurred in the C-terminal half of the protein and more specifically in the loop region (Fig. 4) . In B. hermsii, as in B. burgdorferi, this region was flanked by two hydrophobic stretches. In the predicted loop of B. hermsii, only 9 (20%) positions were identical to the 44 amino acids comprising the loop of B. burgdorferi P66. The rest of the proteins were 61% identical.
Cloning and sequence analysis of partial P66 genes of other Borrelia spp. The finding of a complete P66 gene in B. hermsii, an agent of relapsing fever, suggested that the other Borrelia spp. may have this gene as well. To determine if other species had P66 and, if they did, whether there was a region comparable to the surface-exposed loop, we used PCR to amplify DNA from B. turicatae, B. parkeri, B. coriaceae, and B. anserina. The primers were based on sequences that were nearly identical between the P66 genes of Lyme disease Borrelia spp. and B. hermsii: 5ЈCTGATTAWGGAATAGATCCWTTTG C3Ј (positions 1130 to 1154) for the forward primer and 5ЈTT TGACTCCCATCCAAGWGAWATTGT3Ј (positions 1855 to 1880 of AF016408) for the reverse primer. Products of approximately 750 bp were expected to include the loop region, hydrophobic flanking regions immediately flanking the loop, and several hundred more base pairs on either side.
The PCR products ranging in size from 730 to 755 bp were obtained, cloned in E. coli, and sequenced. The Lyme disease agents B. burgdorferi, B. afzelii, and B. garinii were 89 to 92% identical in DNA sequence for these fragments ( Table 2) identical to each other and 63 to 67% identical to the three members of the Lyme disease group.
Alignments of the partial amino acid sequences of P66 proteins of the eight Borrelia spp. are shown in Fig. 4 . This figure displays the loop and the hydrophobic flanking sequences of B. burgdorferi, the corresponding sequences of the other seven species, and a consensus sequence below. The flanking sequences of each of the species were hydrophobic and alphahelical by prediction. The predicted loops ranged in size from a low of 30 amino acids for B. anserina to a high of 45 amino acids for B. garinii. The 19 residues to the left of the loop and the 16 residues to the right of the loop were 74 to 75% identical or nearly identical across all species. In contrast, the more hydrophilic loops were identical or nearly identical in only 7 (12%) out of a possible 57 positions that included insertions or deletions. The least variable part of the loop was at its Cterminal end: three (38%) of eight positions were identical without gaps across species. In the remaining part of the loop, only QS{X} 7 TP was constant, with the exception of B. anserina. The epitope for H1337 partially overlapped this motif.
DISCUSSION
The present study started with the expectation but not the certainty that the P66 outer membrane protein previously identified in Lyme disease Borrelia spp. also occurs in other Borrelia spp. This was confirmed in the five other species we examined. In addition, we also further mapped what may be the only surface-exposed part of P66, an approximately 50-residue-long hydrophilic region in the C-terminal third of the protein. We have referred to this region as the surface loop of the protein.
A Borrelia species-specific antigenic determinant had previously been mapped to this loop region by using sera from patients with Lyme disease (11) . In the present study, a species-specific monoclonal antibody, H1337, bound to the loop sequence, but a monoclonal antibody, H914, that was not species specific bound elsewhere. The epitope for the specific antibody was localized to 12 residues of the loop of B. burgdorferi's P66. The experiments with trypsin indicated that one of the preferred trypsin sites in P66 in situ was contained within this 12-residue peptide (Fig. 2) . From this finding, we concluded that the epitope was likely at most 9 amino acids. The study also indicated that trypsin sites predicted to be adjacent to the membrane were not accessible to this protease.
The loop region that was bound by the species-specific antibody and by patients' antibodies is the most variable part of the protein. Across species there was considerable sequence and size heterogeneity in the predicted loops. This agrees with the observation that insertions or deletions in protein sequence commonly occur in loop regions (28) . The flanking hydrophobic regions were more conserved in sequence within Borrelia spp., as would be expected for transmembrane regions (20) . The loop also exhibits segmental mobility (10), a predicted secondary structure characteristic of antigenic determinants of proteins (40) . Notably, TEQSSTS, by prediction the most mobile segment of B. burgdorferi P66 (10), is contained within the epitope for monoclonal antibody H1337.
The diversity among P66 sequences of different Borrelia spp. was most pronounced in the loop region. Overall, the amount of variation in P66 amino acid sequences falls between that of flagellin and the Vmp and OspC proteins of Borrelia spp. P66 proteins of Borrelia spp. are approximately 60% identical. Borrelia flagellin sequences are 94 to 95% identical across species (26) . A large Vmp protein of B. hermsii and its closest relative in B. burgdorferi are about 40% identical (42) . Small Vmp proteins and the homologous OspC proteins are 40 to 50% identical (13, 15, 25) . Sequence polymorphism of the antigenic determinants exposed on the surface of borreliae may be a result of selection by the host's immune system or for certain environments (14, 29) . Unlike the entirely surface-exposed Vmp and OspC molecules, only the loop of P66 is likely to be   FIG. 4 . Sequence comparison of predicted surface-exposed region and flanking transmembrane regions of P66 from Lyme disease Borrelia spp., relapsing fever Borrelia spp., B. coriaceae, and B. anserina. The surface-exposed segment is delimited from the transmembrane regions by spaces. Gaps are indicated by hyphens. Consensus (Cons) amino acids at each position were those that occurred in at least six of the eight sequences. Amino acids are numbered according to the processed P66 sequence of B. burgdorferi B31. (38) . Yet P66 is not typical of a bacterial porin with respect to size, predicted secondary structure, or tendency to oligomerize (22) . Other spirochetal outer membrane proteins with porin activity oligomerize and are predicted to span the membrane as beta-sheets, rather than the alpha-helix that P66 appears to use (19, 37) . In this sense, P66 is novel.
If it is true that the loop of P66 is the only point of interaction of this protein with the environment, perhaps some clue to P66 function can be found in further study of this region. If the loop region is under selection by both the immune system and competition for niches in the host, then the loop would likely be variable but also demonstrate some conservation in structure. An example of the latter may be the QS{X} 7 TP motif present in the loop of all species studied here except B. anserina, a bird pathogen. If any function of the loop is associated with this motif, it may be specific for spirochete-mammalian interactions. The only other strains to date that differ from this motif sequence are bird-associated strains of B. garinii. Four of five B. garinii strains isolated from the seabird tick Ixodes uriae had QKS{X} 7 TP instead of QS{X} 7 TP (11).
